In the last two and a half decades ion storage rings have proven to be powerful tools for precision experiments with unstable nuclides in realm of nuclear structure and astrophysics. There are presently three storage ring facilities in the world at which experiments with stored radioactive ions are possible. These are the ESR in GSI, Darmstadt/Germany, the CSRe in IMP, Lanzhou/China, and the R3 storage ring in RIKEN, Saitama/Japan. In this work, an introduction to the facilities is given. Selected characteristic experimental results and their impact in nuclear physics and astrophysics are presented. Planned technical developments and the envisioned future experiments are outlined.
Introduction
Nuclei are many-body quantum systems built out of two types of fermions, protons and neutrons, called the nucleons [1] . There is a complex interplay of strong, weak and electromagnetic interactions acting between the nucleons. Likewise for any closed system, a firm understanding of the nuclear force must result in a reliable estimation of the total energy of the nucleus, that is its mass. In other words, nuclear mass is a fundamental property of each atomic nucleus reflecting its internal structure. Masses of neighbouring nuclides plotted together form the nuclear mass surface. This is in general a smooth surface, on which new structure effects may be seen as irregularities [2] . Indeed, historically the well-known nucleon-nucleon pairing correlations [3] and shell structure [4, 5] were discovered in stable nuclei by investigating the systematics of nuclear masses.
Nuclear mass measurements began about a century ago with pioneering works of sir J. J. Thomson [6] and F. W. Aston [7] . This is still a broad and fast developing field of modern research (see, e.g., [8, 9, 10, 11, 12] ). The questions addressed today by nuclear physics require the knowledge of properties of short-lived nuclei far from the valley of stability. New measured masses can be used for numerous investigations like, for instance, studying the limits of nuclear existence (see, e.g., [2, 13] ), changes in nuclear deformation (see, e.g., [14, 15] ), nuclear collectivity (see, e.g., [16, 17] ) and correlations (see, e.g., [18, 19] ), the structure of halo-nuclei (see, e.g., [20, 21] ), fundamental symmetries and interactions (see, e.g., [22, 23, 24, 25, 26, 27] ), and many others. One of the present challenges in nuclear structure is to understand the shell structure evolution at extreme neutron-to-proton ratios, where the well-known magic numbers may disappear and the new shell closures may show up (see, e.g., [28, 29, 30, 31] ). In nuclear astrophysics, the nuclear masses are an indispensable input to the modelling of nucleosynthesis processes in stars (see, e.g., [32, 33, 34, 35, 36, 37, 38, 39, 40] ). Dependent on the specific objective, high mass accuracies from some 10 −5 up to 10
can be required [9] . For a comprehensive review on the applications of nuclear masses in various fields of modern research, the reader is referred to a dedicated issue [11] . About 7000 nuclides are expected to exist in nature [41] , see nuclidic chart in Figure 1 , while masses of 2438 nuclides are known experimentally at present [42] . The nuclides with still unknown masses are difficult to measure due to extremely low production cross sections and short lifetimes. Most of them are barely within reach at present and will remain inaccessible at the presently in construction next-generation radioactive beam facilities [45] . As a consequence, the properties of nuclei, for instance, at the end point of the rapid-neutron capture nucleosynthesis process (r-process) will need to be calculated [46, 47] . However, accurate predictions of nuclear masses is still a big challenge for theories (see, e.g., [48, 49] ). Therefore, probably the most important application of newly measured masses is to test and to constrain nuclear theories.
New mass measurements inevitably require very efficient and fast experimental techniques. Penning traps and storage rings are examples of such techniques (see, e.g., White region of nuclei with solid black borders represents the nuclei which were synthesised in laboratory. In grey shown is the expected region of existence of bound nuclei. Nuclei whose masses were determined with help of the storage ring mass spectrometry are indicated with red and blue colours, respectively, for Isochronous and Schottky mass spectrometry, see Section 3. Masses obtained indirectly by using the data from α and proton decay spectroscopy on the measured 209 Bi projectiles are also indicated with blue colour. The white region with dotted boundary reflects the nuclei which will be accessible at the next generation radioactive-ion beam facilities like HIAF or FAIR, see Section 5. Locations of slow neutron capture (s-process), rapid proton (rp-process), and rapid neutron (r-process) process of nucleosynthesis are schematically illustrated by arrows. Modified from Refs. [43, 44] . [43, 50, 51, 52] ). For the review on the former see [9] , whereas we focus in this paper on the measurements with the latter. In this article we present a brief introduction to the facilities, experimental techniques, characteristic experiments and their impact in nuclear physics and astrophysics. Planned technical developments and the envisioned future experiments are outlined.
Storage ring facilities
To efficiently use the rarely produced exotic nuclides, it is of a straightforward advantage to store them in a trapping facility. There are presently three laboratories where a combination of a radioactive-ion-beam with a storage-ring facilities is realised.
The facility at GSI Helmholtzzentrum für Schwerionenforschung was chronologically the first one to be taken into operation in 1990. The facility is schematically illustrated in Figure 2 . It comprises the heavy-ion synchrotron, SIS, [53] the projectile fragment separator, FRS, [54, 55] and the experimental storage ring, ESR, [56] . A low-energy storage ring, CRYRING, which was until recently in operation at Stockholm university, is being presently installed behind the ESR [57] . A detailed description of the GSI facilities can be found in Ref. [51] and references cited therein. The second facility, HIRFL-CSR complex, is in operation since 2007 at the Institute of Modern Physics, Chinese Academy of Sciences in Lanzhou. It is illustrated in Figure 3 and comprises the main cooler-storage ring, CSRm, used as a synchrotron, radioactive ion beam line in Lanzhou 2, RIBLL2, used as a fragment separator, and the experimental cooler-storage ring, CSRe. A detailed description of the HIRFL-CSR acceleration complex can be found in Refs. [59, 60, 61, 62] .
The last but not least, the third facility, the Rare RI Ring (R3), was commissioned in 2015 at RIKEN Nishina Center in Japan [65] . Different from GSI and IMP complexes, the driver accelerator in RIKEN is not a synchrotron but a superconducting ring cyclotron, SRC, which provides instead of a pulsed beam a quasi-DC beam. The facility is illustrated in Figure 4 . We note that to date the highest primary-beam intensities worldwide of, e.g., 238 U stable ions, are available at RIKEN. An indispensable prerequisite for the experimental investigations of short-lived nuclei, is their production and cleaning from inevitable-more abundant-contaminations [66] . All three facilities employ the so-called in-flight separation, for which the facilities are equipped with the fragment separators. The intense primary beams are accelerated by the SIS-18/CSRm synchrotrons or by the SRC cyclotron to energies of several hundreds MeV/u. These beams are focused on the production targets in which the Exotic nuclei produced in the production target are identified in flight with the BigRIPS separator. If an ion of interest is observed, the injection kicker is fired and the particle is stored in the R3 [65] . The inset shows a 3D model of the R3 ring.
nuclei of interest are produced. Projectile fragmentation or, in case of uranium beam, also fission reactions are employed for this purpose. The secondary particles emerge from the target as highly-charged ions. Dedicated variable-energy degraders can be employed at focal planes of the separators, which, in combination with the magnetic rigidity (Bρ) analyses, before and after the degrader, enables the so-called Bρ − ∆E − Bρ separation, where ∆E reflects the energy loss in the degrader [55] . This is a powerful method, which allows for separation of clean mono-isotopic beams. After the separation, selected exotic ions can be injected into the corresponding storage ring for precision experiments in nuclear structure and astrophysics (see, e.g, [67, 68, 69, 70, 71, 72] , as well as atomic and fundamental physics (see, e.g., [73, 74, 75, 76, 77, 78, 79] ). In cases of GSI and IMP facilities, the fast extraction of the primary beam from the synchrotron allows all produced and transmitted particles to be stored in the ring. In the case of the RIKEN setup, the DC-nature of the primary beam results in the storage and investigation of a single particle at a time. The biggest advantage of such system is that each particle is identified in BigRIPS [80] and no identification is needed in the storage ring itself.
Since the storage times in the ring can reach hours, different manipulations with the ions like beam cooling, slowing down, or preparation of clean mono-isomeric beams can be conducted (see, e.g., [81, 82, 83, 84] ).
Storage ring mass spectrometry
Storage ring mass spectrometry was pioneered at GSI in Darmstadt [51, 85] . Heavyion storage rings are complicated facilities which can contain numerous components, like, e.g., kicker magnets to inject and extract particles, dipole magnets to bend the trajectories, quadrupole magnets to focus the particles, sextupole magnets to correct for aberrations, cooling devices, de-/acceleration cavities, various detector and diagnostic setups, etc. We note that the R3 ring is composed of only dipole magnets [86] .
Due to the Lorentz force, particles with different momenta are bent differently by the ring magnets and thus travel along different paths in the ring. Since the revolution time T is
where L, v are the path length and the velocity of the circulating particle. The fractional change of the revolution time or the revolution frequency f = 1/T is
For particles that vary only in momentum, p, the velocity difference is:
Here γ = 1/ √ 1 − β 2 is the relativistic Lorentz factor, β = v/c, and c speed of light in vacuum. Therefore, we can rewrite Eq. (2) as
where η and α p are the so-called phase-slip factor and momentum compaction factor, respectively, connected as [51] 
where the transition energy, γ t is defined as
The physical meaning of α p [51] is that it reflects the ratio between the relative change in the orbital length and the relative change in the magnetic rigidity Bρ of the stored ions. The α p can also be deduced from the dispersion function D(s) of the ring.
Here s denotes the coordinate along the reference orbit L 0 in the ring, and ρ is the radius of the curvature of this reference orbit in the bending sections [51] . Detailed investigations of the α p as a function of the ESR magnetic rigidity can be found in [87] . If a motion of particles with different mass-to-charge ratios, m/q, and momenta is considered, then the fractional momentum change can be expressed as
and Eq. (2) can be written as
Equation (9) is the basic equation for the storage ring mass spectrometry [88, 89] . By inspecting this equation one can see that the measurement of the revolution times / revolution frequencies of the stored ions allows the determination of their m/q values only if the second term on the right hand side can be neglected. However, secondary beams inevitably-mainly due to the production process-have a velocity spread ∆v/v of the order of a few percent [66] . The magnitude of the second term on the right hand side of Eq. (9) directly affects the achievable mass resolving power and thus has to be made as small as possible. There are two complementary experimental methods, namely Schottky (SMS) and Isochronous (IMS) Mass Spectrometry, which have been developed for accurate mass measurements [51, 90] .
Schottky Mass Spectrometry
In the SMS, the velocity spread can be reduced by stochastic [91] and electron [92] cooling, which force all stored ions towards the same mean velocity. Intra-beam scattering acts against the cooling process and the velocity spread of the stored ions is proportional to their number. For beam intensities of below about a thousand ions, the average distance between the particles increases to a few centimetres and a significant reduction of velocity spread is observed [93] , which is understood as if the intra-beam scattering between electron-cooled ions is just disabled [94] . Since we deal with exotic nuclides with small production rates, the above situation represents the typical conditions after the electron cooling. The velocity spread of the cooled ions of roughly 5 · 10 −7 can be assumed. Thus the second term on the right hand side of Eq. (9) can be neglected. The revolution frequencies are measured non-destructively by applying the Schottky-noise spectroscopy [95] . Two detector types are employed for frequency measurements. Their basic working principle can be compared to the one of an antenna.
The first detector type represents a pair of electrostatic pick-up electrodes [96] , which are copper plates installed in a parallel geometry inside the ring aperture, see left panel of Figure 5 . To comply with the ultra-high vacuum (UHV) conditions of a storage ring with the rest gas pressure of 10 −10 − 10 −12 mbar, the detector components have to be made out of dedicated materials and have to stand baking up to 150 − 200
• C. The stored ions circulate in the ring about a million times per second. Each ion induces at each revolution a mirror charge on the electrodes. The noise from the detector is amplified and analysed [97] . Since the signals from stored ions are periodic, the Fourier transform of the noise yields a revolution frequency spectrum or Schottky frequency spectrum. An example of such Schottky frequency spectrum is depicted in Figure 6 [98]. Typically, the noise at high harmonic numbers of the revolution frequency is analysed. For instance the detector at the ESR is operated at 28 th − 34 th harmonics, which corresponds, taken the revolution frequency of the ions of about 2 MHz, to about 60 MHz. This is done to increase the achievable frequency resolution for a fixed recording time, see reference [51, 97] for more details. The quality factor of such a detector is small (in the case of the ESR it is only about 8) but allows to simultaneously cover the overall frequency acceptance of the storage ring.
The second detector type is based on a resonance cavity with a much higher quality factor than for the previous detector type [99] . Presently the detector is not bakeable and is separated from the UHV by using a ceramic gap, which allows for electromagnetic waves to pass through. The particles passing the detector excite resonance modes in the resonator volume. The example of such detector, placed on the test bench outside of the ring, is shown in the right panel of Figure 5 . The noise from the cavity is also Fourier analysed resulting in the frequency spectrum. The higher quality factor allows for analysing data at higher harmonic numbers. For instance at the ESR the detector is operated at about 250 MHz, corresponding to the 125 th harmonics of the revolution frequency. If comparing two detector types: For the same data taken with both detectors in the ESR, the signal-to-noise characteristics of the cavity-based one is by about a factor of 100 better than of the capacitive detector. However, the higher sensitivity is achieved in a smaller frequency range that can simultaneously be monitored. A zoomed version from Ref. [44] . Right: a photo of a resonant-cavity Schottky detector installed on a test stand outside of ring [100] . Taken from Ref. [44] . Photos are courtesy to Shahab Sanjari and Peter Petri, GSI, Darmstadt.
The only disadvantage of SMS is that the cooling process lasts a few seconds. Thus, only the nuclides with half-lives longer than about 1 s can be investigated [101] . The mass resolving power m/∆m ∼ 750 000 is routinely achieved in SMS measurements.
The intensity of the frequency peaks in the Schottky spectra is proportional to the corresponding number of stored ions [102] . Thus, by tracing in time the intensities of the stored ions (time-resolved SMS [103, 104] ), their half-lives can be measured. If an ion decays in the storage ring, then its m/q changes, so the radius of its orbit changes (for instance, it increases for β + decay and decreases for β − decay) [105, 106] . Depending on the difference in m/q ratios of the parent and daughter ions, this may cause the ion to further circulate in the ring and be monitored by the SMS or to leave the ring acceptance. In the latter case, judicious placement of heavy-ion detectors behind bending magnets in the ring allows for the interception of daughter ions, and thus they can be counted with good detection efficiency. As a result, decay branchings can accurately be determined. Figure 6 . (Colour online) Schottky frequency spectrum of 209 Bi projectile fragments stored in the ESR and recorded by the capacitive Schottky detector, see left panel of Figure 5 . The spectrum is subdivided in 4 parts and covers the entire storage acceptance of the ESR. Please note that the acceptance of the ESR (∆(m/q)/(m/q) = ±1.2%) allows for storing same nuclides in up to three charge states, see 198 Bi
at about 12 kHz, 143 kHz and 270 kHz respectively. The spectrum was accumulated for 30 seconds. It was taken at the 30 th harmonics of the revolution frequency and the 60 MHz offset frequency was subtracted prior to the Fourier analysis. Taken from Ref. [98] .
Isochronous Mass Spectrometry
The IMS is ideally suited for mass measurements of the shortest-lived nuclides [107] . In the cases of the ESR and CSRe, it is based on the isochronous ion-optical mode of the ring, in which ∆v/v of the ions -injected with energies corresponding to γ ≈ γ t -is nearly exactly compensated by the lengths of their closed orbits in the ring [108] . In a simplified description this means, that a faster particle moves on a relatively longer orbit as compared to a slower particle of the same type, which moves on the correspondingly shorter orbit. Thus the second term on the right hand side of Eq. (9) is (in first order) zero.
The technique employed at the R3 is directly based on the well-known isochronicity Modified from Ref. [44] . Right: a photograph of the detector installed in the CSRe. Different from the detector at the ESR, only the secondary electrons emitted in the forward direction are measured [109] . Photo is courtesy to Xiaolin Tu and Wang Meng, IMP, Lanzhou. Taken from Ref. [64] .
property of a cyclotron device. Made out of dipoles only, the R3 is a cyclotron-type storage ring that maintains the isochronous condition in a wide momentum range. A radial dependence of the magnetic field is adjusted by 10 trim coils [110] so that the second term in the right hand side of Eq. (9) is made as small as possible.
In the ESR and CSRe, the revolution times of the ions are measured by a dedicated time-of-flight (ToF) detector inserted directly into the UHV of the rings [109, 111, 112, 113] , see Figure 7 . In the detector, ions pass at each revolution through a thin carbon foil inserted into the ring aperture and release secondary electrons from the foil surface. These electrons are guided by weak electric and magnetic fields to multi-channel plate detectors providing a timing stamp. This enables the passage of each ion to be recorded, and hence its revolution frequency to be determined. The number of released secondary electrons depends on the charge of the ion and in some cases can be used to resolve ions with very close revolution frequencies [114] . After several hundreds of passages through the carbon foil, the ions lose too much energy and are no longer stored. Typically, the ions which accomplish a few hundreds of revolutions are considered in the analysis [115, 116] . This allows for the determination of the revolution times/revolution frequencies with statistical uncertainties that can be neglected in comparison to other uncertainties. In the CSRe, the minimal number of revolutions is set to 400, which corresponds to about 300 µs. For a reliable ion identification at least 20 passes through the foil are needed, which takes about 10 µs.
At the R3 ring, the foil detector at the injection and a plastic scintillation detector at the extraction from the ring provide the start and stop signals. The ions conduct about a thousand revolutions, which is sufficient to deduce the revolution times with a high accuracy [117] . The fast kicker system [118, 119] used to inject the particles is also used to extract the particle.
The deduced revolution times are put into a histogram thus forming the revolution time spectrum. An example of such spectrum acquired at the CSRe is illustrated in the left panel of Figure 8 [120] . The acceptance of all rings allows for simultaneous storage of ∆(m/q)/(m/q) > 10% [121] and only a small zoom of the entire spectrum is shown in Figure 8 . The isochronous conditions γ ≈ γ t is fulfilled in a small region of the spectrum [122] . A mass resolving power of m/δm ∼ 100 000 − 200 000 is typically achievable in this isochronous region. However, the resolving power is reduced quickly if moving away from this region. For the spectrum shown in the left panel of Figure 8 , the latter is illustrated in the right panel of the same figure, where the dependence of the standard deviations versus the revolution time is clearly seen.
It is possible to correct for the above non-isochronicity effect if a velocity or a magnetic rigidity of each particle is known in addition to its revolution time [122] . This has been proven in a test experiment at GSI [123, 124] , where only the particles with a well-defined magnetic rigidity (∆(Bρ)/(Bρ) = ±1.5 · 10 −5 ) were injected into the ESR. This is the so-called Bρ-tagging method. Nearly a constant mass resolving power was observed over the entire time of flight spectrum (see Figure 9) , however, at a dramatically reduced transmission to the ESR. Since the particles of interest have tiny production rates, the latter cannot be tolerated and other solutions are needed.
At the CSRe, to measure the velocity of each stored ion a pair of time-of-flight detectors is installed in one of the straight sections [125, 126] , see Figure 3 . In the case of the R3, the particle is identified with BigRIPS prior to its injection into the ring which requires the measurements of both the Bρ and v [65] . First data from CSRe and R3 with v and/or Bρ information for each ion are expected soon.
Schottky spectrometry in the isochronously tuned storage ring
The recent development of a resonant Schottky detector [99] allows for precision frequency determination of a single stored ion within a few tens of milliseconds, which raises the question whether the SMS method can be applied in the isochronous mode of the ring. The advantage is clearly the non-destructive detection technique which enables simultaneous lifetime measurement for each short-lived nuclide in addition to its mass. An illustration of the first test measurement in the ESR is shown in Figure 10 . In this example, revolution frequencies of helium-like 213 Ra and hydrogen-like 213 Fr isobars are measured. Resonant Schottky detectors are now installed in all three storage rings [100, 129, 130, 131, 132] and will be used in the forthcoming experiments. are guided on longer trajectories to preserve a constant revolution time [11] . chronous condition is strictly fulfilled only for one mass-to-charge (m/q) ratio row Bρ range, see Fig. 1 . The relations between the relative revolution time corresponding magnetic rigidity for three m/q ratios (2.615, 2.52, 2.44) are ed. The deviations from the ideal isochronicity can be kept small in a selected dow of 1.5·10
−4 , as illustrated in Fig. 1 . S experiments the revolution time is measured with a channel-plate detector ng the secondary electrons released by the stored ions penetrating a 17 carbon foil (coated with CsJ) at each turn. Recording an isochronous time-ofoF) spectrum for uranium fission fragments has demonstrated an accepted isotope are guided on longer trajectories to preserve a constant revolution time [11] . The isochronous condition is strictly fulfilled only for one mass-to-charge (m/q) ratio in a narrow Bρ range, see Fig. 1 . The relations between the relative revolution time and the corresponding magnetic rigidity for three m/q ratios (2.615, 2.52, 2.44) are presented. The deviations from the ideal isochronicity can be kept small in a selected Bρ window of 1.5·10 −4 , as illustrated in Fig. 1 . In IMS experiments the revolution time is measured with a channel-plate detector recording the secondary electrons released by the stored ions penetrating a 17 µg/cm 2 carbon foil (coated with CsJ) at each turn. Recording an isochronous time-offlight (ToF) spectrum for uranium fission fragments has demonstrated an accepted mass-to-charge ratio of more than 10%. For the selected reference fragment the corresponding velocity spread is about 10 −3 inside the ESR. These experimental conditions would require in the analysis a strong restriction in the accepted Bρ range [12] which can bias the final results of the mass measurements.
A better solution is to measure the Bρ of each fragment in addition to the revolution time. This idea has been realized in a recent experiment where the high Figure 9 . (Colour online) Left: revolution time resolving power ∆T /T for nuclides with different mass-over-charge ratios m/q. The curve for m/q = 2.615 corresponding to 238 U 90+ ions has been measured in the ESR. The curves for other m/q were scaled assuming that the particles with the same Bρ have the same orbit length in the ESR. The grey region illustrates the range of magnetic rigidities determined in the FRS in the so-called Bρ-tagging method [127] . Right: examples of measured revolution-time spectra in the ESR with and without applying the Bρ-tagging method. A dramatic effect on the resolving power is evident. Taken from Ref. [123] .
Selected Results
Overall more than 1000 mass values were measured with storage ring mass spectrometry. The mass surface obtained for the first time is illustrated in Figure 1 . More than 200 masses were measured for the first time by employing SMS at the ESR and IMS at the ESR and CSRe. More than 100 nuclear masses were determined in addition indirectly by using data from α-and proton-decay spectroscopy. R3 ring was taken into operation f-fLo (kHz) [140] projectile fragments were addressed at the CSRe. Typical relative mass uncertainties of δm/m = 10 −6 − 10 −7 are achieved. The new and improved mass values were included into the latest Atomic Mass Evaluation AME'12 [42] . The analyses of the data on neutron-rich 86 Kr and 208 Hg fragments and neutron-deficient 112 Sn and 152 Sm fragments is presently in progress. In the following, we present some selected results and their implications in nuclear structure and astrophysics applications.
Testing of the predictive powers of mass models
The developments in nuclear theory were enormous in the recent years resulting in a range of new mass models. The models aim at predicting masses and other nuclear properties for nuclei yet inaccessible in experiment. For instance, the peak in Solar element abundances at A ∼ 195 depends critically on the strength of the N = 126 neutron shell closure in very neutron-rich nuclei [143] . It is interesting to note that for β-decay half-lives strong deviations to model predictions in neutron-rich nuclei below The description of the models is given in the text. Experimental data (filled symbols) are taken from AME'12 [42] except for the value of 130 Cd, which is taken from [142] . Values which contain contributions from storage ring experiments are indicated in red colour. Open symbols indicate extrapolated values from AME'12. Error bars if not shown are within the symbol size. Z = 82 were observed [144] . It is essential to understand that many of nuclear properties will not be feasible to measure and they will have to be calculated.
Considerable regions of the nuclear mass surface is simultaneously covered in a typical storage ring experiment, which allows for testing the predictions of various mass models. For instance, the left and right panels of Figure 11 illustrate the comparison of experimental and theoretical masses for N = 82 and Z = 82 shell closures, respectively. Four frequently used mass models are employed, namely the Finite-Range Droplet Model (FRDM) [145] , the Hartree-Fock-Bogoliubov calculations with Skyrme force BSk21 [146] and Gogny force D1M [147] , and the WS4 version of the model by Wang et al. with radial basis function correction (RBF) [148] . Experimental values are taken from AME'12 [42] except for a new mass value of 130 Cd taken from [142] . Experimental mass values with contributions by storage ring measurements are indicated with red colour. Apart from FRDM, which was fixed in 1995, there is an overall qualitative agreement between theory and experiment. However, the predictions in presently unknown regions deviate dramatically for different theories.
For a mass model, the quality of its calculations can be characterised by the predictive power, σ rms . The latter is defined as [149] 
where m th and m exp are the theoretical and experimental mass values, respectively, and N is the number of compared values. Let is define "exoticity" as a relative distance of a nucleus to stability. The proton number Z 0 corresponding to the most stable nucleus neutron-rich nuclei neutrondeficient nuclei Figure 12 . (Colour online) Mass resolving powers of several mass models versus the remoteness from stability, exoticity. All experimentally known mass values from AME'12 [42] are taken for the analysis. Zero exoticity reflects the stable nuclei. For the description of the models and the definition of exoticity see text.
in a chain of isobars with mass A can be deduced [150] 
The value = Z 0 − Z reflects the remoteness, exoticity, of a nucleus (Z, A) from the valley of stability for which = 0. Figure 12 shows the predictive powers, σ rms of several mass models versus exoticity. In addition to the above four models, the 28-parameter version of the model by Duflo and Zuker [151] and the Infinite Nuclear Matter model (INM) by Nayak and Satpathy [152] are added. Striking is the excellent description of the known masses by the WS4+RBF model. Such powers are otherwise achieved by models based on Garvey-Kelson relation only for stable nuclei. Compared to the previous study in [153] , with the maximum = 6, values for = 7 are available in this new analysis. Although the absolute values of predictive powers improved, the trend of degrading predictive power towards more neutron-rich nuclei remains.
Isospin dependence of odd-even staggering of nuclear binding energies
Masses of hundreds of nuclides can be addressed in a single experiment. The advantage of this is that a big region of the mass surface is measured with the same method and thus with the same systematic uncertainty. In two runs, described in detail in
Refs. [89, 98] , a large number of previously unknown masses have been determined in the ESR with a high relative mass accuracy ∆m/m of a few 10 −7 . This enabled a systematic investigation of nuclear odd-even staggering (OES) values in proton-rich nuclei between Z = 50 and Z = 82 closed proton shells [154] .
The OES of nuclear binding energies was detected in the early days of nuclear physics [3] . It was explained by the presence of pairing correlations between nucleons in the nucleus. Although pairing contribution to the total nuclear binding energy is tiny, its effect on nuclear structure is enormous [1] . Different formulas exist to extract the OES values from nuclear masses of several neighbouring nuclei [155] . One of them is the so-called 5-mass formula:
where OES(n) and OES(p) stand for neutron and proton OES values, respectively.
Experimental OES values for even-even nuclei are illustrated in Figure 13 [156] . Apart from the strong shell effect at N = 82, the OES values clearly increase towards the proton drip-line for both protons and neutrons [154, 157] . The origin of this isospin-dependent trend is still not clear and cannot be reproduced by the modern mass models. Th latter is illustrated in Figure 14 on the example of OES-values for eveneven Hf isotopes compared to several mass models defined in Section 4.1 and the famous parametrisation of Bohr and Mottelson [1] OES= 12/ √ A MeV. One of the reasons could be the onset of deformation in these neutron-deficient nuclides [158] . Such strong isospin dependence of the OES values is not observed for nuclei below Z = 50 and above Z = 82 shells, see, e.g., [159] .
The mass of
208 Hg nuclide and the proton-neutron interaction strength around doubly-magic 208 
Pb
Owing to the ultimate sensitivity of the SMS to single stored ions, the masses of very rarely produced nuclei can be addressed. Furthermore, a single stored ion is sufficient to determine its mass with a high accuracy. One example of such a measurement is illustrated in Figure 15 , where a zoom of a Schottky frequency spectrum of stored 238 U projectile fragments is shown [160] . The frequency peak at about 125 kHz corresponds to a single 208 Hg 79+ ion which was stored only once within a two-weeks long experiment. The obtained mass excess value (M E = m − A) is M E( 208 Hg) = −13265(31) keV [160] . The mass of this even-even nucleus enabled addressing a long-standing question on proton-neutron interaction (δV pn ) around the doubly-magic 208 Pb nucleus. For even-even nuclei, the average p − n interaction of the last two protons with the eV Figure 14 . Odd-even staggering of nuclear masses (OES) for even-even hafnium isotopes compared to several mass models. OES values for protons (left) and neutrons (right) increase towards the proton drip-line. Mass models are defined in Section 4.1 and Borh-Mottelson parametrisation, OES= 12/ √ A MeV, is from [1] . Experimental data are from the latest atomic mass evaluation AME'12 [42] . The data points coloured in red represent the values which could be obtained for the first time with storage ring measurements.
last two neutrons can be defined as [161] : Figure 16 . Left: Schottky frequency spectrum of the new isotope 235 Ac present as hydrogen-like ions. The frequency peak of 235 Th 88+ can be used to calibrate the frequency scale. Taken from Ref. [127] Right: The half-life of 235 Ac 88+ ions can be extracted from the time evolution of the peak-area. Taken from Ref. [163] Thus the δV pn for 210 Pb nucleus could be extracted. The experimental δV pn values for Hg, Pt, Pb, Po, Rn, Ra and Th isotopes are illustrated in the right panel of Figure 15 . The doubly-magic 208 82 Pb nucleus is in the symmetric hole-hole region, where both protons and neutrons fill low-j high-n orbits below the closed shell, and therefore it should (and does) have a very large δV pn value. In contrast, 210 Pb has two extra valence neutrons which occupy orbits just above the N = 126 closed shell, giving an asymmetric particlehole case where one would expect a low δV pn value. These expectations-based on the spatial overlap of the valence orbits in this region [162] -are confirmed experimentally.
Discovery of new isotopes and investigations of nuclear isomers
The single-particle sensitivity of the SMS can be used as a tool to search for new isotopes. In addition to the discovery of the isotope itself, the measurement of its mass and half-life is performed. One example is illustrated in Figure 16 . We note, that the measured value for hydrogen-like 235 Ac 88+ ions (see Figure 16 ) has to be corrected for missing bound electrons to obtain the half-life for the neutral 235 Ac atoms. Figure 17 . Schottky frequency spectra of single stored fully-ionised 125 Ce 58+ ions in the isomeric (upper panel) and ground (lower panel) states. The frequency peak of 69 Ge 32+ ions can be used as a reference. The frequency difference between the two single 125 Ce ions corresponds to the isomeric excitation energy of E * = 103(12) keV. Taken from Ref. [165] .
Nuclear metastable states not decaying promptly are called isomers [166] . The existence of isomers points to specific nuclear structure which leads to their formation. Typically isomers are studied with γ-spectroscopy methods. However, if the isomeric state lives longer than about a second and is rarely produced, these methods can no longer be applied. Here, the storage ring mass spectrometry turns out to be a unique tool to study such states. Figure 17 illustrates a discovery of a long-lived isomeric state in neutron-deficient 125 Ce nuclide by means of the SMS [165] . In two different injections into the ESR, two fully-stripped 125 Ce atoms were stored. A single 125 Ce ion is present in the isomeric state and in the ground state in the upper and lower panels, respectively. The difference of the revolution frequencies can be measured relative to the reference frequency of 69 Ge
32+
ions, which yields the excitation energy of the isomer of E * = 103(12) keV. If ions in both states would be present in the ring at the same time it would not be possible to resolve them.
Combined with the capability of storage rings to cover a wide range of different nuclides in one frequency spectrum, the single ion sensitivity can be used for a broadband search of nuclear isomers on the chart of the nuclides.
A region of neutron-rich nuclei around 188 Hf is predicted to have exceptional isomer properties [167, 168] . It was investigated with the SMS [135, 169, 170, 171] . Examples of detected new isomers are illustrated in the left panel of Figure 18 . In the right panel the systematics of excitation energies of four-quasiparticle isomers for even-even hafnium isotopes is plotted together with several dedicated calculations. 186 Hf is the most neutron-rich isotope where a long-lived isomeric state (T 1/2 > 20 s, E * = 2.968(43) MeV) [169] is experimentally known. A new experiment is presently being prepared aiming at the predicted 18 + four-quasiparticle isomer in 188 Hf, which is expected to have a very long half-life with respect to γ-de-excitation. [169] . Right: systematics of experimental and calculated excitation energies of four-quasiparticle isomers for even-even hafnium isotopes. Taken from Ref. [135] .
While the SMS is well suited for the search of long-lived isomers [172] , the investigations of the shorter-lived isomers can be pursued by applying IMS [173] . For instance, an isomeric state with excitation energy E * = 4.56(10) MeV has been observed in 133 Sb nucleus on the basis of a few stored particles [174] , see left panel of Figure 19 . The half-life of this isomer in neutral atoms is T atom 1/2 = 16.54 (19) µs [42] . However, due to the fact that bare 133 Sb nuclei were stored in the ESR, all decay modes involving bound electrons were disabled [175] and, assuming the conversion coefficient of α ≈ 991, a much longer half-life (T 1/2 ≈ 17) ms is expected. The determined E * and T 1/2 values solved the uncertainty related to the interpretation of the 21/2 + isomeric state in this closed-shell N = 82 nucleus.
The Bρ-tagging method in the IMS improves the resolving power but reduces dramatically the efficiency. Application of the corresponding IMS analysis is illustrated (100) keV is clearly resolved from the corresponding ground state. Here, all 133 Sn events were observed with the charge state q = 50+. The figure is from Ref. [174] . The left (right) spectrum was acquired without (with) the Bρ-tagging technique. This explains the different numbers of observed isomers and different resolving powers.
in the right panel of Figure 19 . With just five ions of 133m Sb, the isomer excitation energy is determined to an accuracy of 100 keV [174] .
Test of the Isobaric Multiplet Mass Equation in pf -shell nuclei
The isobaric multiplet mass equation (IMME) is based on the fundamental concept of the isospin symmetry in nuclear physics [177, 178] . The IMME connects the members of an isobaric multiplet via a parabolic equation
where a, b, and c are parameters depending on the atomic mass number A and the total isospin T , and T z = (N − Z)/2. Thus, to test the validity of the quadratic form of the IMME, the energies of four members of the isobaric multiplet are required. Extensive tests in the sd-shell nuclei were conducted previously (see Ref. [179] and references therein) and no significant deviations were found except for slight disagreements at A =8, 9, 32, and 33. Measurements of neutron-deficient 58 Ni projectile fragments at the CSRe provided masses for 41 Ti, 43 V, 45 Cr, 47 Mn, 49 Fe, 51 Co, 53 Ni, and 55 Cu T z = −3/2 nuclei [114, 120, 141] . By using these new masses and the known energies of the isobaric analog states the validity of the IMME could be tested for the first time in the f p-shell nuclei [120, 180, 181] [182, 183, 184, 185, 186] are shown for comparison. Note, that albeit the large uncertainties, there seems to be a trend of gradual increase of d with A in f p-shell. Taken from Ref. [120] .
numbers except for A = 53 the corresponding d-coefficients are comparable with zero, thus confirming the quadratic form of the IMME. However, there is a 3.5σ deviation for the A = 53 isobaric multiplet. The corresponding d = 39 ± 11 keV indicates a dramatic breakdown of the quadratic form of the IMME. Previous as well as new dedicated theoretical calculations of isospin mixing cannot explain this rather large d coefficient [120] . If this breakdown is confirmed by improved experimental data, it may point to new effects like enhanced isospin mixing or charge-dependent nuclear forces.
4.6. The mass of 65 As and the rp-process waiting point 64 Ge
Difference of nuclear masses provides the Q-values for the corresponding nuclear reactions. Typically the reaction rates exponentially depend on the Q-values [40] . Therefore, accurate mass values are necessary for reliable rate calculations especially in the cases where the reaction rate measurements are complicated or are presently impossible. The latter situation occurs, for instance, in nuclear astrophysics where the explosive rp-process runs along the proton drip-line, see Figure 1 . The rp-process is a sequence of proton capture and β + decays which can produce neutron-deficient nuclides up to Sn-Te region [187] . Key nuclei on the rp-process path are the so-called waiting points (WP), which are relatively long-lived nuclei and where the process stalls until the β + occurs. Here the 64 Ge, 68 Se, and 72 Kr are the major waiting-point nuclei, with half-lives of about 64 s, 36 s, and 17 s, respectively, which are significant if compared to the duration of observed Type I X-ray bursts of about 100-200 s [188, 189, 190] . The S p ( 69 Br) and S p ( 73 Rb) are known to be negative from experiments indicating that both nuclides are fast proton emitters [191, 192] . This makes it likely that 68 Se and 72 Kr are strong waiting points, although two-proton (2p) captures can somewhat reduce their effective lifetimes [189] .
To investigate the WP-nature of 64 Ge, the mass of 65 As was measured with high precision with the IMS at the CSRe [116, 139] . Combined with a Penning trap measurement of the mass of 64 Ge [193] , the proton separation energy of 65 As has been determined to be S p ( 65 As)=−90 (85) keV. First of all, the new result showed that 65 As is unbound against the proton emission at the 68.3% confidence level, which fixes experimentally the location of the proton dripline for arsenic isotopes. Furthermore, the new S p ( 65 As) value turned out to affect the modelling of the rp-process. Before this measurement, only a model dependent lower limit of S p ( 65 As)> −250 keV existed from the observation of the β + -decay of 65 As [194] . The new S p ( 65 As)-value was used in one-zone X-ray burst model [187] calculations, which allowed for the definition of the temperatures and densities needed to bypass the 64 Ge waiting point.
Left panel of Figure 21 shows regions in the temperature-density plane where proton capture reduces the effective lifetime of 64 Ge to less than 50% of the β + -decay lifetime, thus resulting in a less effective waiting point. It can be seen that for densities below 2×10 5 g/cm 3 the required temperature range is rather narrow around 1.3 GK. For lower temperatures, 64 Ge can only be bypassed at higher densities. Varying the new S p ( 65 As) value within 2σ provides essentially identical light curves (see right panel of Figure 21 ) demonstrating that the achieved mass accuracy is sufficient to eliminate the effect of the 65 As mass uncertainty in X-ray burst calculations [139] . It was found that 89 − 90% of the reaction flow passes through 64 Ge via proton capture thus indicating that 64 Ge is not a significant rp-process waiting point. In contrast, using the estimated upper 2σ limit for 65 As from the previously considered values taken from the 2003 Atomic Mass Evaluation (AME'03) [195] (S p ( 65 As)≈ −650 keV) leads to a reduction of the proton capture flow through 64 Ge to 54% with a significant effect on the calculated light curve as shown in Figure 21 (right).
The mass of
45 Cr and the Ca-Sc cycle in the rp-process
CSRe experiments yielded a more precise mass excess ME( 45 Cr)= −19515(35) keV [141] as compared to the previous value ME( 45 Cr)= −18970(500) keV [195] . This resulted in an enhanced proton separation energy S p ( 45 Cr) = 2.69 ± 0.13 MeV instead of known before S p ( 45 Cr)= 2.1 ± 0.5 MeV. The effect of the proton separation energy of 45 Cr on the rp-process path is illustrated in the left panel of Figure 22 .
44 V and 43 Ti nuclei are in (p, γ) − (γ, p) equilibrium. The net proton capture flow at 43 Ti is determined by the leakage out of this equilibrium via the 44 V(p, γ) 45 Cr reaction, the so-called 2p-capture process on 43 Ti [189] . For a low S p ( 45 Cr) value allowed by the 3σ uncertainties of the AME'03 data [195] , the 45 Cr(γ, p) 44 V reaction becomes effective. This reduces the proton capture flow at 43 Ti leading to a significant β + -decay branch in 43 Ti, which drives the reaction flow into 43 Sc, and then via a large (p,α) branch into 40 Ca. This is the so-called Ca-Sc 64 Ge is a strong waiting point (WP) with an effective lifetime longer than 50% of the β-decay lifetime. Shaded areas are deduced assuming 1σ variation of the AME'03 [195] mass for 65 As (grey) and the 65 As mass from our work (black). Right: calculated Xray luminosity in a one zone X-ray burst model varying S p ( 65 As) within 2σ for masses from AME'03 (dashed black lines) and from this work (solid red lines). More details can be found in Refs. [116, 139] . Taken from Ref. [139] .
cycle [196] , which limits strongly the reaction flow towards heavier elements and affects significantly the X-ray burst observables [196] . The right panel of Figure 22 shows the integrated reaction flow in the Ca-Sc cycle as a function of S p ( 45 Cr). Up to a proton separation energy of about 2 MeV, a strong cyclic reaction flow occurs. The extrapolated 45 Cr mass from AME'03 compilation (black solid line) allows for a strong cycle which introduces a significant uncertainty in X-ray burst models.
To address the formation of the Ca-Sc cycle in the rp-process using the new mass values, one-zone X-ray burst model calculations were performed. The new S p ( 45 Cr) value basically excludes the formation of a significant cycle (see red line in Figure 22 (Right)) and therefore removes this uncertainty [141] . Masses of 44 V, 52 Co and 56 Cu were recently investigated indirectly by using the mirror symmetry and known data from beta-delayed proton spectroscopy [197] . These new results result in even less significant Ca-Sc cycle.
Summary and outlook
In this contribution we showed that storage ring mass spectrometry, which was pioneered 25 years ago, has become an excellent and unique tool to address masses of short-lived rarely produced nuclides. Mass surface containing more than 1000 nuclei was covered in several experiments. Masses of more than 200 nuclei were obtained for the first time which allowed for investigating a range of applications in nuclear structure and astrophysics.
The successful mass measurement program will be continued in the future. At the ESR, in addition to the classical SMS and IMS, the Schottky spectrometry in ) value from AME'03 [195] . Flows that disappear for the latter case are indicated as black dashed arrows. Right: Integrated reaction flow through the Ca-Sc cycle during an X-ray burst as a function of S p ( 45 Cr). The graph spans the 3σ uncertainty of S p ( 45 Cr) value from AME'03. The thick black line limited by filled squares indicates the 1σ uncertainty of S p ( 45 Cr) in AME'03, while the thick red line limited by filled circles indicates the 1σ uncertainty when using our new experimental result. Taken from Ref. [141] . isochronous mode will be extended. In order to correct for "non-isochronicity", a special Schottky detector is being designed which aims at in-ring measurement of a position of each particle at a dispersive place of the ring [198] . The latter will allow for determining the magnetic rigidity of the particles. Furthermore, to increase the sensitivity of the resonant detectors, it is planned to remove the ceramic gap, which will require the detectors to be bakeable. At the CSRe, the correction of the "non-isochronicity" will be approached in a different way, namely timing signals from a pair of time-of-flight detectors installed in a straight section of the ring will provide the velocities of each stored ion [125, 126] . The necessary correction at the R3 setup was considered from the beginning. The BigRips will be used to provide the identification of each injected ion together with its velocity and magnetic rigidity [199] . Resonant Schottky detectors are installed at all three facilities which will allow for simultaneous lifetime studies of the stored ions.
Storage ring mass spectrometry is in the focus of the new generation radioactive-ion beam facilities [200, 201] .
At the Facility for Antiproton and Ion Research, FAIR, which is in construction in Darmstadt in Germany [202] , several complementary research programs are planned at several storage rings (see, e.g., [203, 204, 205, 58, 206] ). The new driver accelerator, 100-Tm heavy ion synchrotron, SIS-100, will provide bunched high intensity primary beams of up to 5 · 10 11 238 U per bunch each 1/5 s. The secondary beams produced from these beams will be separated by the new high-acceptance fragment separator, Super-FRS, [207] which is designed to achieve a high transmission of fragments to the Collector Ring, CR, [208] . The CR is a dedicated isochronous ring [209, 210] where lifetime and mass measurements of short-lived nuclei will be performed [58] , see Figure  23 . At the present FRS-ESR, the transmission of fragments from the FRS to the ESR in isochronous mode is less than a percent. The matching of the Super-FRS and the CR is taken into consideration in the design and about the unity transmission is expected from the exit of the Super-FRS to the CR. Furthermore, a high-energy storage ring, HESR, will be coupled to the CR [211] . Schottky spectroscopy on electron-cooled ions will be possible, which will allow for precision mass and lifetime measurements on longer-lived nuclei. Here of interest, for instance, are the long-lived exotic isomeric states.
In China, a High-Intensity Accelerator Facility, HIAF, is planned at Huizhou [212] . The design of the facility is being optimised. Figure 24 illustrates a proposed concept. The source terminal will host an Electron Cyclotron Resonance and a Laser Ion sources. The ions will be accelerated by a high current linac, HISCL, to energies of about 25 MeV/u, and then further accelerated by a heavy synchrotron ABR-45, which will have the maximum magnetic rigidity Bρ = 45 Tm. The experiments with stored exotic nuclei will be performed in the experimental SHER ring [213] , which is connected to ABR-45 by an in-flight fragment separator. The MCR-45-1/2 and CSR-45 rings are a dedicated complex for high-energy physics experiments.
Although mass measurements are not planned at the proposed low-energy storage ring at ISOLDE in CERN, the TSR@ISOLDE project [214] , the developed techniques will be employed for sensitive diagnosis and detection purposes. For instance, massspectrometry assisted lifetime measurements or identification of high-K isomers are proposed. Also a suggested storage ring facility coupled to a source of thermal neutrons for studying neutron-induced nuclear reactions [215, 216] relies on experimental methods used in storage ring mass spectrometry.
As a final conclusion we like to stress that the ability to determine the mass (and in many cases also the lifetime) of a short-lived nucleus on the basis of just a single particle is the unique feature of the storage-ring mass spectrometry. This technique will provide information on the properties of the most exotic nuclei inaccessible by other methods.
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